Water shortage is continually a limiting factor in crop production, which in turn imposes a negative impact on the food security of the world. For this reason, scientists have never stopped efforts to improve efficiency of water usage and reduce the affect of water shortages on crop production. There has been a particular focus on improving rice production by creating drought resistant genotypes. To this end many drought stress response or drought tolerance related genes have been uncovered[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. However, functional studies on the role of these drought response and tolerance related genes lags behind the discoveries of the genes themselves and currently known genes do not provide a practical solution to the draught problem[@b8][@b9].

Why have drought stress response/drought tolerance related genes not solved the problem? Drought resistance is a complicated trait that involves a network of many gene modules. There isn't a single, magical drought-tolerance gene, because instead plants have evolved complex mechanisms to deal with water shortages[@b9]. Drought resistance is divided into four components: drought escape, drought avoidance, drought tolerance, and drought recovery[@b8]. If the four components could be combined and introduced into rice plant as a single trait, then drought resistance could be improved greatly. But it is often difficult to combine several components into one trait. Yue *et al.* reported the genetics of drought avoidance and drought tolerance are separated[@b10]. Here we reported that a novel gene *OsAHL1*, containing an AT-hook motif and DUF296 domain, provides both drought avoidance and drought tolerance. Therefore, this gene could greatly improve drought resistance of rice plants.

Results
=======

*OsAHL1* identified through analysis of drought related QTLs and gene microarray
--------------------------------------------------------------------------------

In our previous study using a RIL population from the cross between Zhenshan97B (an *indica* lowland rice) and IRAT109 (a *japonica* upland rice), two drought avoidance linkage QTLs were located at the same site in Chr11, which were related to the deep root rate of rice under normal irrigation/drought stress (RM286-RM332)[@b11]. Meanwhile, the result of gene expression through microarrays showed that a novel gene (LOC_Os11g05160) was significantly up-regulated by drought stress on this QTL (the data was unpublished). As a result, this novel gene was cloned from the cDNA of IRAT109 by direct PCR, and was nominated as *OsAHL1* (AT-hook content nuclear localized protein).

*OsAHL1*, responsive to multiple stresses, is induced by drought stress in vascular bundles
-------------------------------------------------------------------------------------------

Real time qPCR has been used to study *OsAHL1* expression pattern in the seedlings of rice plant cultivar IRAT109 grown under different conditions. The result showed that, *OsAHL1* was up-regulated by plant-hormones, such as ABA, H~2~O~2~, JA and SA. Each of these hormones elicited a dosage and time dependent effect on *OsAHL1* ([Fig. 1A--D](#f1){ref-type="fig"}). Similarly, abiotic stress provoked by cold ([Fig. 1E](#f1){ref-type="fig"}), Mannitol ([Fig. 1F](#f1){ref-type="fig"}), and NaCl ([Fig. 1G](#f1){ref-type="fig"}) also induced an up-regulation in *OsAHL1* gene expression. Analysis of relative expression level was carried out at the 4 leaf stage, tillering stage, and panicle development stage under natural water-holding condition. The results indicated that during each of the three stages *OsAHL1* was continuously up- regulated at the beginning and subsequently returned to normal levels ([Fig. 1H](#f1){ref-type="fig"}).

To examine the expression profiles of *OsAHL1*, transgenic rice plants containing the P~*AHL1*~::GFP (green fluorescent protein gene under control of the 1.7 Kb *OsAHL1* promoter) construct were generated and the GFP expression pattern was monitored under normal conditions ([Fig. 2](#f2){ref-type="fig"}). The GFP signal was observed under UV spectrum in all of the root systems. Additionally, the GFP signal was monitored in vascular bundles of leaf sheath, blade, and stem (node and internodes).

Overexpression of *OsAHL1* enhanced drought, salt and cold stress tolerance in rice seedling stage
--------------------------------------------------------------------------------------------------

To test the function of *OsAHL1*in rice, the full-length cDNA of *OsAHL1* driven by CaMV35's promoter was transformed into rice cv. Zhonghua 11; 25 independent transgenic plants were obtained and confirmed by PCR and Southern blot analysis. Three independent transgenic lines with overexpression of *OsAHL1*were selected to examine their performance on multiple stress tolerance tests. For testing the abiotic stress tolerance of transgenic plants we used three different methods to simulate abiotic stress at the 4 leaf stage of rice seedlings. Over 30 transgenic plants from each transgenic line were examined in each test.

Rice seedlings at the 4 leaf stage were grown in 20% PEG6000 (simulating drought stress) for 4 days and then returned to normal condition for another 7 days. Result showed that more than 70% of transgenic line plants recovered after osmotic stress, while almost no plants recovered in wild type (WT) and RNAi plants ([Fig. 3I-A, II-A,B](#f3){ref-type="fig"}). All of the transgenic lines over-expressing *OsAHL1* showed an increased survival rate.

Salt tolerance tests produced a similar trend as that seen during the PEG osmotic stress. After treatment with 150 mM NaCl for 3 days, almost all of the WT plants were wilted while the *OsAHL1* over-expressed plants survived the salt stress without serious rolling leaves. Followed by 7 days of normal watering more than 82% of *OsAHL1* over-expressed plants survived the salt stress, while less than 40% of the WT plants survived the salt stress ([Fig. 3I-B, II-C,D](#f3){ref-type="fig"}).

Cold tolerance of the transgenic lines was also tested. Rice plants were grown in liquid medium until the 4 leaf stage, transferred to a growth chamber and cooled down to 5 °C. After 7 days of growth in a 5 °C chamber, the temperature was raised to 25 °C for 7 days. At the conclusion of the 14 days the survival rate of seedlings was calculated. When compared with the WT and RNAi plants, survival rate of *OsAHL1* over-expressed plants increased more than 10 percent ([Fig. 3I-C](#f3){ref-type="fig"}). Overexpression of *OsAHL1* in the seedling stage of rice demonstrated increased tolerance to abiotic stresses, especially to stress caused by water deficit.

Overexpression of *OsAHL1* also significantly improved drought resistance at the panicle development stage
----------------------------------------------------------------------------------------------------------

Rice plants were grown in polyvinyl chloride (PVC) pipes. Mild drought stress was generated from the early panicle development stage, according to a defined protocol[@b11]. During the process of gradual drought stress, water loss from the leaves of *OsAHL1* over-expressed plants was much slower. Therefore, the relative water content in the leaves of *OsAHL1* over-expressed plants was higher than that in the WT, causing delayed leaf-rolling during the mild drought stress ([Fig. 4](#f4){ref-type="fig"}).

Agronomic traits were investigated after harvesting. Result showed that all of *OsAHL1* over-expressed plants exhibited higher spikelet fertility (17\~23% higher) ([Fig. 5Ba](#f5){ref-type="fig"}), yield per plant (more than 27%) ([Fig. 5Bc](#f5){ref-type="fig"}), biomass yield (25\~50% higher) ([Fig. 5Bd](#f5){ref-type="fig"}) and higher 100-seed weight (more than 29%) ([Fig. 5Bb](#f5){ref-type="fig"}) when compared to the WT. Meanwhile, under well irrigated conditions, all *OsAHL1* over-expressed plants and WT plants showed similar performance for these agronomic traits. These results display that over-expression of *OsAHL1*did not affect growth and yield productivity of rice grown under normal conditions, but increased the ability degree of drought tolerance under water-limited conditions.

*OsAHL1* was involved in some oxidative stress response and regulated the content of chlorophyll in rice leaves
---------------------------------------------------------------------------------------------------------------

Because overexpression of *OsAHL1* resulted in improved drought resistance in rice plants, the function of *OsAHL1* in oxidative stress response was further investigated further. The activity of the ROS scavenging enzyme, peroxidase (POD), was measured in *OsAHL1*-overexpressing lines. The result showed that the *OsAHL1*-overexpressing plants had a significantly higher activity of POD than the WT plants ([Fig. 6A](#f6){ref-type="fig"}). It suggests that *OsAHL1* helps to remove the peroxidase, increasing the stabilization of plasma lemma under drought stress.

Chlorophyll is an important biochemical trait marker of drought tolerance in plants. Compared with the contents of total Chlorophyll and Chlorophyll a, Chlorophyll b in the leaves of plants in the control (under normal watering condition), plants grown under drought stress had a decreased content of all these Chlorophyll components. But, *OsAHL1*-overexpressing plants showed significantly less decreased than the WT plants ([Fig. 6B](#f6){ref-type="fig"}). Chlorophyll a/b ratio in the leaves of *OsAHL1* plants increased under normal condition, but decreased under drought stress. The above results suggest that *OsAHL1* leads to decreased degradation of chlorophyll and therefore modulates the ratio of chlorophyll a/b, thus helping rice adapt to drought stress.

*OsAHL1* regulated root development under drought condition to enhance drought avoidance
----------------------------------------------------------------------------------------

Because the *OsAHL1* gene was located in the QTL region associated with root development in rice under control/drought stress, root traits of *OsAHL1* transgenic and WT plants were investigated ([Fig. 7A](#f7){ref-type="fig"}). Results revealed that under normal watering conditions there was no significant difference in root volume between *OsAHL1* over-expressed and WT plants. But under drought stress conditions root volume of both *OsAHL1* over-expressed and WT plants was decreased, with a larger decreased seen in WT plants. In other words, total root volume, upper root volume and lower root volume in a plant were much higher in *OsAHL1* over-expressed plants than in WT plants under drought stress conditions.

For further confirmation, RNAi lines of the *OsAHL1* gene were created by the amiRNA method, introducing a dehydration response promoter of *OsHVA22*[@b12] to down regulate *OsAHL1* expression in rice plants ([Fig. 7B](#f7){ref-type="fig"}). The difference in root traits between RNAi plants of the *OsAHL1* gene and WT plants was similar to the previously described results. Under normal watering conditions RNAi plants of the *OsAHL1* gene and WT plants showed similar total root volume, upper root volume and lower root volume. However, under drought stress RNAi plants of the *OsAHL1* gene were shown to display significantly reduced root volume when compared to the WT plants.

Accordingly, compared with WT plants, overexpression of *OsAHL1* in rice was beneficial to drought response and promoted root development while down-regulation of *OsAHL1* resulted in an opposing effect by diminishing the root system growth and development. As we know, the root system is the most important organ for water absorption, here our results uncovered that the *OsAHL1* gene could enhance drought avoidance in rice, via regulation of root development.

OsAHL1 protein contains an AT-hook and a PPC domain, both of which could guide nuclear localization of protein
--------------------------------------------------------------------------------------------------------------

The *OsAHL1* gene encodes an uncharacterized protein containing 366 amino acids with an AT-hook, and a Domain of Unknown Function 296 (DUF296) which was named the PPC domain (Plants and Prokaryotes Conserved domain)[@b13].

To test the functions of the AT-hook and PPC domain we constructed a series of expressing vectors for plants that encode either a full-length or one of three types of mutant *OsAHL1* protein, each with green fluorescent protein (EGFP) fused to the C terminus ([Fig. 8](#f8){ref-type="fig"}). The *Mutant 1* protein had the 3 core amino acids of the AT-hook replaced by alanine (GRP to AAA); *Mutant 2* protein had the DUF296 domain and all domains after it deleted; *Mutant 3* was an expression vector based on *mutant 2* but also the 3 core amino acids of the AT-hook were replaced by alanine (GRP to AAA). After construction of these modified expression vectors they were introduced into onion epidermal cells by the microprojectile bombardment method and the transient expression of these fused GFP proteins were examined.

The results showed that the full-length OsAHL1 protein (AHL1-GFP), mutant 1 (AHL1m1-GFP) and mutant 2 (AHL1m2-GFP) proteins were localized in the cell nucleus; however, the mutant 3 (AHL1m3-GFP) protein was found spread throughout the cell ([Fig. 8](#f8){ref-type="fig"}). It was confirmed that two regions, the core AT-hook and DUF296 domain and/or the entire region after the DUF296 domain in the *OsAHL1* gene sequence, could guide AHL1 proteins to the nucleus.

We used the Yeast-Two-Hybrid system to test the homologous binding capacity of these functional domains. The results showed that as long as the protein contains the complete PPC domain binding will occur. It follows that this interaction is maintained by the PPC domain in each subunit. The results are similar to Lin's study, where the PPC containing protein could form a trimer[@b14].

More importantly, taking look at stain 3 together with stain 1 and stain 2 on SD-Leu-Trip-His +50 mM 3-AT selection medium, no self-activation of OsAHL1 proteins was detected in yeast ([Fig. 9](#f9){ref-type="fig"}). To the opposite, stain 4 and stain 5 which contain the complete PPC domain or the complete OsAHL1 protein, reporting gene was activated on SD-Leu-Trip-His +50 mM 3-AT selection medium, but no activation was observed on SD-Leu-Trip-His-Ade +50 mM 3-AT selection medium, indicating there is no self-activation of BD-AHL1 and AD-AHL1. The results indicate that OsAHL1 and its DUF196 domain have the homologous binding ability.

OsAHL1 protein regulates the expression of many stress related genes directly
-----------------------------------------------------------------------------

We used the Affymetrix transcriptome microarray to analyze the expression patterns of the *OsAHL1* overexpression rice plants, WT and the RNAi plant lines. As a result 14 differential genes were identified through comparison of the expression profiles of *OsAHL1* overexpressed, WT and RNAi plant lines. The promoter regions of these differential genes were cloned by PCR using the sequence specific primers, which were used for yeast one hybrid analysis (Y1H) to detect the interaction of these promoters with OsAHL proteins. Results showed OsAHL1 protein could bind directly to the promoter regions of the following 7 genes: LOC_Os05g01330, LOC_Os02g33420 (HSP101), LOC_Os03g51530, LOC_Os01g01840 (bHLH like), LOC_Os04g49510 (OsCDPK7), LOC_Os11g26780 (dehydrin Rab16b), LOC_Os07g47790 (AP2-ERFBP like). OsAHL1 protein could bind to the intron region of *LOC_Os09g36680* (*OsRNS4*) but did not bind to its promoter region ([Fig. 10A](#f10){ref-type="fig"}). We noticed that some of the interactions showed in Y1H results appear to be relatively weak, so electrophoretic mobility shift assay (EMSA) was conducted to further confirm the interaction. EMSA result indicated that OsAHL1-DNA complex, the product that OsAHL protein interacts with the DNA sequence in the promoter region of the target gene LOC_Os02g33420 (HSP101), was detected ([Fig. 11](#f11){ref-type="fig"}), which further explains the interaction of OsAHL1 with the promoter region of the target genes.

We analyzed the potential sequence signature of these promoters and the intron by MEME[@b15]. The alignment result revealed a degenerated 21 bp A/T rich sequence: WTWAWWWWTTTTTMAMWAANW ([Fig. 10B](#f10){ref-type="fig"}). This implies that OsAHL1 could specifically bind to the A/T rich sequence region of promoters or introns, and hence regulate the expression of the downstream genes.

Furthermore, we detected the difference in the expression levels of the OsAHL1 target genes and some other drought tolerance related genes when comparing *OsAHL1* overexpression plant lines and the WT plants. Results indicated that most of the direct target genes of OsAHL1including *HSP101, OsCDPK7, OsRNS4, Rab16b, AP2-ERFBP like* (LOC_Os07g47790) and drought resistant related genes *HSP90, Rab21* were up-regulated in the *OsAHL1* overexpression plant lines ([Fig. 12](#f12){ref-type="fig"}).

*HSP101*[@b16][@b17] and *HSP90*[@b18][@b19][@b20] play a crucial role in thermo stress tolerance and significantly increase the tolerance of abiotic stresses in plants. The dehydrin *Rab16b* and *Rab21* belong to LEA family. As a Ca^2+^ dependent protein kinase, *OsCDPK7* plays a key role in stress signal transduction and is a positive regulator involved in the tolerance to cold, salt and drought stress in rice[@b21][@b22][@b23]. *OsRNS4* is an S-like ribonuclease gene which regulates the photoresponse and ABA-induced growth inhibition in rice and its own expression is regulated by salt, PEG and ABA[@b24][@b25]. It may play an important role in reducing the degradation of Chlorophyll[@b25]. All of these genes were regulated by *OsAHL1* directly thus enhancing the drought avoidance and tolerance in rice plants.

Discussion
==========

QTL mapping combined with gene expression microarray analysis is an effective method to identify complex trait related genes
----------------------------------------------------------------------------------------------------------------------------

There has been a lot of work on mapping of drought resistant traits and many drought resistance QTLs had since been identified; some of which have been verified and been applied efficiently in breeding practices[@b11][@b26][@b27][@b28][@b29][@b30][@b31][@b32]. However, there are relatively few reports on exploring drought resistant genes through the QTLs mapping. This is mainly because drought resistance of plants is a very complex trait and the secondary traits of drought resistance are not well understood. It is difficult to simplify drought resistant traits. Yue *et al.*[@b10] had mapped the *AHL* gene in the QTL region related to rice root volume and canopy temperature on chromosome 11. This QTL was a large segment of sequences containing many genes. It is difficult to continue carrying out fine mapping using traditional QTL mapping and is almost impossible to identify specific genes. We combined a gene expression microarray with QTL mapping to explore functional genes and found the drought resistance gene *OsAHL1*. Follow-up experiments confirmed that overexpression of *OsAHL1* maintained rice root systems under drought stress and hence increased drought tolerance significantly. This approach was proven to be an effective way to explore functional genes inside the region of complicated trait QTLs.

*OsAHL1* improved both drought tolerance and drought avoidance in rice plant
----------------------------------------------------------------------------

Luo and Zhang[@b33] divided drought resistance into 4 types including drought tolerance, drought escape, drought avoidance and drought recovery. Yue *et al.*[@b10] found in their study on rice root related QTL alleles that drought tolerance and drought avoidance could be controlled by different QTLs and were genetically separated by different mechanism. Our experiment results indicated that OsAHL1 not only affected rice root development, leaf water content, water loss rate of the leaf and traits associated with drought avoidance, but also affected drought tolerance related traits such as chlorophyll content, POD. This suggests that drought tolerance and drought avoidance can be genetically regulated by the same molecular pathway or through the same gene regulation. Therefore, the inheritance of drought tolerance and drought avoidance is closely correlated and interact with one another; they are not separated. This is a new aspect of OsAHL1 in abiotic stress resistance.

Vascular bundles are important tissues for perception and transduction of water stress signals in plants[@b34]. And *OsCDPK7* was known to be a positive regulator commonly involved in the tolerance to salt/drought stresses in rice[@b22]. Hear in our study, under drought stress the expression of the *OsCDPK7* gene controlled by *OsAHL1* was up-regulated in the vascular bundles in rice root and leaf. This up-regulation adjusts the processes of plant growth and development and activates downstream drought resistance genes[@b21][@b22][@b23], which help organizations such as the rice root system to adapt to drought and further improve drought avoidance. *OsAHL1* could regulate the gene expression of RNS4, which in turn is beneficial to the stability of chlorophyll in the leaf under drought stress[@b25]. At the same time, *OsAHL1* directly activates the expression of drought tolerance related genes such as Rab16b, Rab21, HSP90 and HSP101 protein genes; thus enhancing the plant's resistance to stress.

Molecular mode of AHL1 gene function
------------------------------------

Fujimoto *et al.*[@b13] indentified an AHL gene in Arabidopsis and found it is localized in the active transcription region on the surface of the nucleolus. Its conserved functional domain DUF296 was first nominated as PPC domain (Plants and Prokaryotes Conserved domain). PPC/DUF296 domain is widely distributed in plants and prokaryotes, but as to the specific molecular function and action model there is still not clear explanation. Consistent with previous studies[@b13][@b35][@b36][@b37][@b38], in our study, the AHL/AT-hook specifically targets gene promoters or A/T rich cis-elements of introns, and thereafter regulates downstream gene expression. In addition, the AT-hook and PPC domains could each guide proteins into the nucleus independently, but *OsAHL1* does not have distinct transcriptional activation activity. So, the molecular function model of *OsAHL1* is different from the general sense of transcription factors. For its molecular mode regulating downstream gene expression, Zhao *et al.*[@b38] proposed the "DNA-AHL-TF complex model" based on their study on AHL genes in Arabidopsis. AHL family proteins formed AHL complex through homologous/heterologous combination. The complex uses its AT-hook motifs to anchor itself to AT-rich DNA regions and recruit either transcription factors or other non-AHL proteins in order to regulate plant growth and development. Such transcription factors interacting with AHL have been identified[@b38]. Correspondingly, we detected the homologous combination capability of the OsAHL protein ([Fig. 9](#f9){ref-type="fig"}), and revealed for the first time that the OsAHL and DNA interacting *cis*-element region could be located either in the promoter region of target genes or within the gene sequence (intron) then activated the flanking gene expression, which enrich and validate this model to some extent.

The AtAHL22 gene controls flowering time by inhibiting FT gene expression[@b39] and AtGIK inhibits ETT/ARF3 expression to regulate reproductive organ patterning and differentiation[@b40]. Here in our study, OsAHL1 activated the downstream gene expression to enhance increased drought resistance in rice, which is different from that of AtAHL22. Based on these experimental results and the "DNA-AHL-TF complex" model, it is presumed that different transcriptional factors bound by the AHL protein determine different pathways of regulating flanking genes. Therefore, the focus of our next research will be in depth analysis of the AHL interacting protein types and regulation pathways benefit to enhance DNA-AHL-TF complex models, which will help to reveal the role of its molecular model.

Methods and Material
====================

Gene constructs and rice transformation
---------------------------------------

The native promoter \[an upstream fragment (1,753 bp) starting from the base next to the start codon of *OsAHL1*\] was amplified from genomic DNA of upland rice cv. IRAT109 and placed to pCAMBIA1300-EGFP to control GFP expression. Truncated and full-length cDNA of *OsAHL1*, without the termination codon, were placed respectively on pCAMBIA1300-EGFP for fusion expression under the control of the CaMV 35S promoter.

The full-length cDNA of *OsAHL1* was amplified from IRAT109 by RT-PCR and inserted into pCAMBIA1300 under the control of the CaMV 35S promoter for overexpression (I17). To make a dsRNAi construct of *OsAHL1* (RNAi) a 189 bp fragment of *OsAHL1* (nucleotides 1143--1331) was generated by PCR and was cloned into pCB2004B~2~ through *att*B/*att*P (BP) recombination cloning[@b41]. The *attB1* and *attB2* are the 2 sequences for the BP recombination reaction (Invitrogen). All of the constructs were transformed into the *japonica* rice cv. Zhonghua 11 by the *Agrobacterium*-mediated (stain EHA105) transformation method[@b42].

Site-directed mutagenesis of AHL1 (AHLmut) by PCR
-------------------------------------------------

A pair of reverse compliment long primers, AHL-mut F/R, were designed which contain the mutant sites (GRP to AAA). The wild type cDNA was used as template, part of the sequence from the OsAHL gene was amplified by the primer pairs of AHLaF/AHL-mutR and AHLaR/AHL-mutF respectively. Next, the mixture of products above was used as a template to amplify the full sequence using primer AHLaF/R. The majority of the products were mutant OsAHL.

Plant growth, stress treatment, and measurement
-----------------------------------------------

Rice seeds of cultivar IRAT109 (*O. sativa* L. ssp. japonica) were germinated and grown in MS hydroponic culture medium for 18--20 days under normal growth conditions for rice. To measure the expression level of the *OsAHL1* gene under various stresses plants at the 4-leaf stage were removed from the water supply for the designated duration and were treated with abiotic stresses including drought, salt (150 mM NaCl), PEG6000 (20%), cold (exposing plants to 5 °C for the designated time), and phytohormones including ABA, gibberellic acid, jasmonic acid, salicylic acid, or ethephon.

Positive transgenic plants of *OsAHL1* T1 or T2 generation were selected by germinating seeds on MS medium containing 100 mg/L hygromycin. After germination, the positive seedlings were transplanted in hydroponic culture medium containing ABA, NaCl, and PEG6000. The drought stress at the panicle development stage was applied to plants grown in PVC tubes (1-m height, 20-cm diameter) by following the protocol of Yue *et al.*[@b10]. Genotypes of the plants were checked by PCR using hygromycin resistant gene-specific primers. Each stress test was repeated 3 or 4 times. RWC was progressively measured until the rolled leaf could not expand again after being supplied with water.

In order to calculate RWC of the leaf: the fresh weight (FW) of samples was measured, then fresh leaf segments were submerged in distilled water for 3 hours, the saturated weight (SW) was measured, and finally the leaves were oven dried at 120 °C for 24 h and the dry weight was recorded (DW). RWC was calculated according to:

Gene expression analysis
------------------------

Total RNA was isolated from rice leaves using TRIzol reagent (Invitrogen). Real-time quantitative RT-PCR (qPCR) was performed on CFX96 Real-Time PCR System (Bio-Rad) using SYBR *Premix Ex Taq* (Takara). Rice *Actin1* gene was used as the endogenous control. The relative expression levels were determined as described previously[@b43][@b44].

Yeast two-hybrid assay
----------------------

The yeast two-hybrid assay was performed using the GAL4 Two-Hybrid System (Stratagene). The entire or truncated coding region of OsAHL1 (or AHLmut) was amplified with primers Y2H. The PCR product was ligated into the pBD-GAL4 and pAD-GAL4-2.1 Cam phagemid vector according to the manufacturer's instructions. The yeast strain YRG-2 (*Mata ura352 his3-200 ade2-101 lys2-801 trp1-901 leu2-3 112 gal4-542 gal80-538 LYS2::UAS*~*GAL1*~ *-TATA*~*GAL1*~*-HIS3 URA3::UAS*~*GAL4\ 17mers(x3)*~*-TATA*~*CYC1*~*-lacZ*) was transformed with both of the bait and prey plasmid according to the method described previously[@b45].

Yeast one-hybrid assay
----------------------

The yeast one-hybrid was applied using the pGADT7 AD/pHIS2 system (Clontech). Genomic DNA was used as a template where the promoters and intron regions were amplified by PCR. All of the vectors were constructed by restriction enzyme digestion and ligation. The yeast strain Y187 (*Mata ura352 his3-200 ade2-101 trp1-901 leu2-3 112, galΔ, galΔ, MEL1, URA3:: GAL1*~*UAS*~*- GAL1*~*TATA*~ *-lacZ*) was transformed with both of the bait and prey plasmid according to the method described previously[@b45].

EMSA assay
----------

Target probe was a PCR product obtained from the promoter region of the target gene. The desired DNA fragments was gel-purified and verified by restriction digestion. The probe was labeled by the Thermo Scientific Pierce Biotin 3′ End DNA Labeling Kit. And all of the following procedures were carried out according to the protocols described in Thermo Scientific Pierce Protein Ineraction Techinical Handbook.

Microarray analysis
-------------------

Two independent transgenic lines of *OsAHL1*overexpression and RNAi were used for microarray analysis. One month-old whole plants under normal/drought stress (20% PEG6000) condition were collected for microarray analysis. RNA sample preparation and hybridization were performed following the standard protocol of Affymetrix Gene Chip service (Shbiochip). Signal was normalized and estimated using the gcRMA package of Bioconductor[@b46]. Analysis of differential gene expression was performed using the LIMMA package[@b47]. The differential expression genes were filtered according to the following criteria: (i) assignment present in at least 2 chips; (ii) average log-transformed expression value by gcRMA larger than 3; and (iii) log-transformed changed fold more than 1 with expected value less than 0.05 by LIMMA[@b47]. The annotations of the probe sets, downloaded from Affymetrix and modified based on protein--protein BLAST analysis, were used for gene ontology analysis. Putative promoter sequences of the expression-level-changed genes were downloaded from the Gramene web site (http://cdna01.dna.affrc.go.jp/cDNA/). The cis-element enrichment analysis was carried by MEME (<http://meme.nbcr.net/meme/cgi-bin/meme.cgi>. Timothy L, 1994)[@b15].
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![Relative expression of *OsIAHL1* in rice.\
The relative expression of *OsAHL1*gene in cultivar IRAT109 (*Oryza sativa* L. *ssp japonica*) with the plant hormones (**A--D**), and dehydration (**E--H**). *OsAHL1*gene responded to plant hormones (**A**) ABA, (**B**) H~2~O~2~, (**C**) JA, (**D**) SA, and dehydration, such as (**E**) cold (4 °C), (**F**) Mannitol, (**G**) NaCl treatment in 4 leaf stage; and (**H**) under water withholding condition in different developmental stages. The plants grown in normal watering conditions were used as a control. Error bars are the SD based on 3 replicates.](srep30264-f1){#f1}

![Expression pattern of GFP driven by the *OsAHL1* promoter (P~AHL1~) in transgenic rice plants under normal conditions.\
Panels on the left were taken under visible light and the right under UV. GFP signal was monitored in vascular bundles of leaf blade (**A,B**), leaf sheath (**C,D**), stem internode (**E,F**), stem node (**G,H**) and root (**I,J**).](srep30264-f2){#f2}

![Overexpression of *OsAHL1* gene enhanced abiotic stress resistance of rice at the seedling stage.\
In panel I, the survival rate of transgenic (I17 lines), WT and RNAi plants at the seedling stage was investigated under 20% PEG(I-A), 150 mM salt (I-B) and 4 °C (I-C) stresses. Figure panel II is the growth status of *OsAHL1* transgenic lines, WT and RNAi plants. II-A and II-B were before and at the end of seedling test in 20% PEG600 respectively, while II-C and II-D were in 150 mM salt stress. The 4 leaf rice plants were transplanted in hydroponic culture medium and treated with the above stresses for 7 days, then returned to normal condition for another 7 days. Error bars are the SD based on 3 replicates; every replicate contains 48 individual plants. Data bars in panel I with no superscripts in common indicate significant difference at *p* \< 0.01.](srep30264-f3){#f3}

![Over-expression of *OsAHL1* gene improved water-content ability of rice leaves.\
(**A**) The relative water content (RWC) of leaves under drought stress. (**B**) The rate of water loss for separated leaves. Error bars are the SD based on 3 replicates. \*Indicates significant difference by the t-test at *p* \< 0.05, compared to WT.](srep30264-f4){#f4}

![Overexpression of *OsAHL1* improved drought resistance at reproductive stage.\
(**A**) *OsAHL1 overexpressed* plants (I17 lines) and WT under well-watered conditions (a), and drought stress (b). (**B**) Agronomic traits under normal conditions and drought stress: (a) seed-setting rate, (b) grain yield per plant, (c) the biological yield per plant, and (d) the 100-seed grain weight. Error bars are the SD based on 4 (welled-water) or 8 (under drought) plant replicates. \*Indicates significant difference by the t-test at *p* \< 0.05, compared to WT; \*\*Means significant difference at *p* \< 0.01.](srep30264-f5){#f5}

![*OsAHL1*-Overexpression improved POD activity and regulated chlorophyll content in the leaves of rice.\
(**A**) POD activity of I17 plant lines and WT under normal and drought conditions. (**B**) Comparison of leaf chlorophyll content (a), chlorophyll composition (b,c) and chlorophyll a/b ratio (d) between I17 plant lines and WT under normal and drought condition. Error bars are the SD based on 3 replicates. \*Indicates significant difference by the *t*-test at *p* \< 0.05, compared to WT plants under the same condition; ^\#^Means significant difference by the *t*-test at *p* \< 0.05, comparison between control and drought stress for the same plant line.](srep30264-f6){#f6}

![*OsAHL1* regulated the development of rice root system under drought conditions at the reproductive stage.\
Root volume per plant between *OsAHL1* overexpression (I17) plant lines (**A**) and *OsAHL1*-RNAi plant lines (**B**) compared with WT under normal and drought conditions. (a) Total root volume, (b) upper root volume, and (c) lower root volume. Error bars are the SD based on 3 replicates. \*Indicates significant difference by the t-test at *p* \< 0.05, compared to WT; \*\*Means significant difference at *p* \< 0.01.](srep30264-f7){#f7}

![The role of AT-hook and DUF296 on nuclear localization of OsAHL1.\
The figure panels are confocal microscopic images of OsAHL1-EGFP fusion protein driven by CaMV35s promoter in onion epidermal cell. The EGFP driven by CaMV35s promoter was used as positive control. The left schematic diagrams represent the expressed proteins. The AT-hook motif was indicated by red line, and DUF296 was indicated by blue box.](srep30264-f8){#f8}

![Yeast Two-hybrid tested the homologous combination capability among OsAHL1 proteins (or its DUF296 domains).\
(**A**) Vector construct for yeast expression of OsAHL1 protein. (**B**) OsAHL1 proteins or its DUF296 domains could be bound together in yeast stain YRG-2. Yeast were diluted and dotted on amino acid deficiency SD medium with 50 mM 3-AT.](srep30264-f9){#f9}

![OsAHL1 binds to the target genes directly.\
Yeast One-Hybrid Assay was used to analyze the interactions between OsAHL1 protein and the DNA region of its candidate target genes. Yeast were diluted and dripped on amino acid deficiency SD medium with gradient 3-AT. The genes were labeled on the left, and "i" indicates the intron region, the others are the promoter region of the genes. (**B**) The consensus of DNA motifs that OsAHL1 protein interacts with are predicted by MEME.](srep30264-f10){#f10}

![EMSA results.\
Electrophoretic mobility shift assay (EMSA) using oligonucleotide probes containing the OsAHL1 binding region. The \*\*denotes unbound biotin labeled DNA, \*denotes OsAHL1-DNA (gene LOC_Os02g33420) complex.](srep30264-f11){#f11}

![*OsAHL1* enhanced the expression of the target genes and other drought- related genes in rice.\
The relative expression of the target genes and other drought- related genes in the leaf and root of *OsAHL1* overexpression lines and WT plants under normal condition was quantified by qPCR. Error bars are the SD based on 3 replicates.](srep30264-f12){#f12}
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